The experimental and theoretical research carried out at the Institute of Applied Physics resulted in development of a new type of electron cyclotron resonance ion sources (ECRISs)-the gasdynamic ECRIS. The gasdynamic ECRIS features a confinement mechanism in a magnetic trap that is different from Geller's ECRIS confinement, i.e., the quasi-gasdynamic one similar to that in fusion mirror traps. Experimental studies of gasdynamic ECRIS were performed at Simple Mirror Ion Source (SMIS) 37 facility. The plasma was created by 37.5 and 75 GHz gyrotron radiation with power up to 100 kW. High frequency microwaves allowed to create and sustain plasma with significant density (up to 8 × 10 13 cm −3 ) and to maintain the main advantages of conventional ECRIS such as high ionization degree and low ion energy. Reaching such high plasma density relies on the fact that the critical density grows with the microwave frequency squared. High microwave power provided the average electron energy on a level of 50-300 eV enough for efficient ionization even at neutral gas pressure range of 10 −4 -10 −3 mbar. Gasdynamic ECRIS has demonstrated a good performance producing high current (100-300 mA) multi-charged ion beams with moderate average charge (Z = 4-5 for argon). Gasdynamic ECRIS has appeared to be especially effective in low emittance hydrogen and deuterium beams formation. Proton beams with current up to 500 emA and RMS emittance below 0.07 π·mm·mrad have been demonstrated in recent experiments. C 2015 AIP Publishing LLC. [http://dx.
I. INTRODUCTION
Investigations of pulsed electron cyclotron resonance (ECR) discharge in an open magnetic trap under conditions of powerful ECR heating with gyrotron mm-waveband radiation were carried out over the last 20 years at the Institute of Applied Physics (IAP RAS, Nizhniy Novgorod, Russia). [1] [2] [3] [4] [5] In the beginning, the work was devoted to development of a high frequency ECR source of multi-charged ions with outstanding parameters of plasma heating (37.5 GHz, 100 kW). According to Geller's scaling laws, 6 such increase in frequency and power in comparison to conventional electron cyclotron resonance ion source (ECRIS) was expected to boost the ion source performance and provide a significant progress in ECRIS development. However, due to short pulse operation mode and low repetition rate of the used gyrotrons (pulse duration <1 ms, 0.1 Hz), breakdown and discharge conditions similar to a conventional ECRIS were unreachable. The minimum neutral gas pressure was two orders higher (10 −4 mbar) and the plasma parameters differed significantly from conventional ECRIS. After years, this work resulted in development of a new type of ion source-high current gasdynamic ion source.
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II. QUASI-GASDYNAMIC PLASMA CONFINEMENT
The use of powerful mm-band radiation allows to increase the plasma density in the discharge significantly (proportional to the square of the radiation frequency 4-7 ) in comparison to conventional ECRISs, which utilize microwave radiation with frequencies on the order of 10 GHz. 6 In experiments with 37.5 GHz and 75 GHz gyrotrons, the plasma density reaches values of 10 13 -10 14 cm −3 . 8,9 Significant increase of the plasma density leads to a change of the confinement mode. A so-called quasi-gasdynamic confinement 4, 5 was realized in the presented experiments instead of the collision-less confinement, 10 which is typical for modern ECRISs. The transition from collisionless to quasi-gasdynamic confinement occurs when the plasma density is high enough for the scattering rate of electrons into the loss-cone to be higher than the maximum possible electron loss rate caused by the ion-sound flux through the magnetic mirrors. 11 In such situation, the loss-cone in the velocity space is populated, and the plasma lifetime does not depend on the collisional electron scattering rate into the losscone, i.e., on the plasma density, but is determined by the trap size, magnetic field structure, and ion sound velocity. 11 The plasma lifetime, which is much shorter than in conventional classical ECRISs, can be expressed as τ = (L × LR)/(2 Vis), where L is the magnetic trap length, R is the trap mirror ratio (ratio between magnetic field in the magnetic mirror and in the trap center), and Vis is the ion sound velocity. Short plasma lifetime provides high plasma flux density from the trap. The flux is proportional to the plasma density and ion lifetime, i.e., I ∼ N/τ, where N is the plasma density. Due to the high plasma density, the confinement parameter Ne·τ, which determines the ionization degree and average ion charge, can be as high as 10 8 -10 9 s·cm −3 , which is enough for efficient ionization. The main advantages of quasi-gasdynamic confinement are the following. The plasma lifetime does not depend on its density, and therefore, increase of the density would lead to rising of confinement parameter and average ion charge. In addition, the plasma lifetime is proportional to the magnetic trap length and the source performance could be improved by adjusting the trap length. ECR sources running under conditions of such plasma confinement are called gasdynamic ECRISs.
Possibilities of the gasdynamic confinement are demonstrated in this paper with experimental results obtained at Simple Mirror Ion Source (SMIS) 37 facility. 4, 5 Investigation results on multi-charged ions production under condition of powerful gyrotron plasma heating with 37.5 and 75 GHz are presented. It is shown that the described peculiarities of quasigasdynamic ECR discharge sustained by mm-waveband radiation, namely, short lifetime and high density, provide unprecedented ion current densities up to 800 emA/cm 2 .
III. SMIS 37 EXPERIMENTAL FACILITY
The main part of the experiments was conducted at SMIS 37 facility. During the years, its configuration has been changing slightly, the latest one being schematically depicted in Fig. 1 . The plasma was created and sustained inside a d = 4 cm vacuum chamber (placed in a magnetic trap) by pulsed (1 ms) 37.5 GHz or 75 GHz linearly polarized gyrotron radiation with power up to 100 kW. The simple mirror magnetic field was created by means of pulsed solenoids positioned at a distance of 15 cm from each other, providing a mirror ratio of 5. The magnetic field strength was varied in a range of 1-4 T at mirror plugs, whereas the resonant field strength is 1.34 T for 37.5 GHz and 2.7 T for 75 GHz. The microwave radiation was coupled to the chamber quasi-optically through a quartz window and a special coupling system, which protects the window from the plasma flux. The pulsed gas feed line was incorporated into the coupling system, i.e., the neutral gas was injected axially. The ion extraction and beam formation were realized by a two-electrode (diode) system consisting of a plasma electrode and a puller. The diameter of the extraction aperture was varied from 1 to 10 mm. The distance between the extraction system and the magnetic plug at the center of the solenoid magnet was designed to be variable, which allows tuning the plasma flux density at the plasma electrode. The maximum applied extraction voltage was 60 kV, which was an absolute maximum for the used power supply. A Faraday cup with an aperture of 85 mm was placed right behind the puller (grounded hollow electrode) to capture the whole beam. The cup was equipped with an electrostatic secondary electron suppression. A 42 • bending magnet was installed downstream in the beam line for measuring extracted beam spectrum.
IV. MULTICHARGED IONS PRODUCTION
A number of papers were devoted to multi-charged beam production at SMIS 37. [1] [2] [3] [4] [5] In this paper, the main results obtained some years ago are shown to demonstrate the typical source performance. In Fig. 2 , two ion spectra with nitrogen and argon are presented in the case of 37.5 GHz, 100 kW plasma heating.
The effect of plasma density increase within gasdynamic confinement with increase of microwave frequency is shown in Fig. 3 . Helium ion spectra for 37.5 and 75 GHz, 100 kW heating demonstrate a great improvement in average ion charge.
In these experiments, a single aperture two electrode extraction system with 1 mm hole was used for beam formation providing total ion current up to 5 mA. 2 The experiments were repeated later with multi-aperture extraction systems. Extracted ion current dependence on the accelerating voltage in case of 13-hole (each 3 mm in diameter) plasma electrode is shown in Fig. 4 .
Presented results demonstrate that gasdynamic ion source is able to produce hundreds of emA of moderately charged FIG. 3 . Helium spectra. 37.5, 100 kW ECR heating (left) and 75 GHz, 100 kW ECR heating (right). This article is copyrighted as indicated in the article. Reuse of AIP content is subject to the terms at: http://scitationnew.aip.org/termsconditions. Downloaded to IP: (Q up to 6+) beams. Low emittance and high current of such beams may allow using them together with charge-breeding or stripping techniques. Further increase of the microwave frequency is promising for the production of high current heavy ion beams with the average charge about +10 and their injection into accelerators with strippers after first acceleration stage.
V. PROTON AND DEUTERON BEAMS FORMATION
Operation of modern high power accelerators often requires production of intense proton and deuterium beams. H+ beams are utilized or envisioned for use in linear accelerators, e.g., the future European Spallation Source under design; 12, 13 some special applications such as neutron generators or the International Fusion Materials Irradiation Facility (IFMIF) project, 3 require D+ (deuteron) ion beams. Requirements for the brightness of such beams grow together with the demand of accelerator development and arising experimental needs. New facilities aiming at outperforming the previous generation accelerators are usually designed for higher beam currents. Enhancing the beam intensity and maintaining low transverse emittance at the same time are, however, quite challenging tasks. The most modern accelerators require H+/D+ ion beams with currents up to hundreds of emA (pulsed or CW) and normalized emittance less than 0.2 π·mm·mrad 12,14 to keep the beam losses at high energy sections of the linacs below commonly imposed 1 W/m limit. Previous experiments on heavy multi-charged ion production demonstrated that gasdynamic ion source is able to produce ion beams with record beam current density and moderate ion charge. The average electron energy in plasma of ECR discharge with quasi-gasdynamic confinement sustained by gyrotron radiation varies from 50 to 300 eV and it is optimal for efficient hydrogen ionization. Due to this coincidence, it was decided to test the gasdynamic ECR source performance for proton and deuteron beams formation. In previous papers, 15, 16 it was demonstrated that proton beams with current of hundreds of mA could be produced. The latest results are presented below.
A single-aperture extraction system was used for beam formation in the presented experiments. As only two fixed puller holes were available (i.e., 10 and 22 mm in diameter), the optimization of extraction electrode configuration was done varying the gap between the electrodes. Plasma electrodes with aperture diameters 5 and 10 mm were used. In the case of 5 mm extraction hole, the optimal gap between electrodes appeared to be 10 mm, yielding the maximum beam current with a puller aperture of 10 mm. The Faraday cup and puller currents are shown in Fig. 5(a) , total beam current grows from 80 mA at steady state up to 140 mA at the end of the microwave pulse, which is explained by decrease of the plasma density towards the optimum value for used configuration and accelerating voltage of 42 kV and subsequently improved beam transport. Transversal emittance (hereinafter normalized RMS) diagram is presented in Fig. 5(b) , showing value of 0.06 π mm mrad.
The biggest hole diameter in plasma electrode was 10 mm. In this case, the optimal gap between electrodes for 10 mm plasma electrode aperture appeared to be 6 mm, while the puller hole diameter was 22 mm. The Faraday cup and puller currents are shown in Fig. 6(a) . The total beam current remains relatively stable at the level of 450 mA through 70% of the microwave pulse. Accelerating voltage of 41.5 kV was used. Transversal emittance diagram is presented in Fig. 6(b) , showing a RMS value of 0.07 π mm mrad.
The experiments with deuterium were performed under similar conditions. The extraction system configuration was the same as the latter for hydrogen (10 mm plasma electrode hole, 6 mm gap, 22 mm puller electrode hole). Source settings were adjusted slightly from the optimal ones for proton beam to maximize the total current. The Faraday cup current together with puller current is shown in Fig. 7(a) . The total beam current rapidly reaches a value of 400 mA, then slowly increases to 500 mA, and remains there till the end of the microwave pulse. Accelerating voltage of 42 kV was used. Transversal emittance diagram is presented in Fig. 7(b) , showing RMS value of 0.07 π·mm·mrad. Figures 5-7 show that measured beam emittance value in contradiction with the theory does not strongly depend on the plasma electrode aperture. In case of presented results, this means that emittance measurement scheme does not have enough precision and calculated values must be considered as the upper limit estimation of the real beam emittance.
The presented results demonstrate the prospects of the high current gasdynamic ECR source for light ion beams production. The maximum RMS brightness of extracted beam reached 100 A/(π·mm·mrad) 2 . The proton (deuteron) fraction in extracted beams was about 94% as it was shown in Ref. 15 . It should be added that in presented studies, the total beam current was limited by the accelerating voltage available, which can be seen from Fig. 8 , where ion traces are simulated with IBSimu software 17 for hydrogen plasma, 10 mm extraction hole diameter and 45 kV accelerating voltage. It is clearly seen that the beam is under-focused due to insufficient electric field.
The extracted beam current could be further enhanced by moving the plasma electrode closer to the magnetic mirror and scaling the extraction voltage and geometry appropriately. According to simulations, the extracted current may eventually exceed 1 A while maintaining the low emittance. Such result would outperform the conventional ECRISs by a great margin.
VI. CONCLUSION
The presented results demonstrate the main prospects of the gasdynamic ECRIS. This type of ECRIS has already demonstrated its benefits for light ion beam production. Further studies could significantly increase its performance in multi-charged beam formation. One of the most promising new ion sources which may demonstrate all capabilities of gasdynamic confinement is the Sixty GHz ECR Ion Source using Megawatt Magnets (SEISM), 60 GHz ECRIS at LPSC, Grenoble. 18 Due to high frequency and power (up to 200 kW) of the gyrotron used for plasma creation, it could operate with plasma parameters suitable for gasdynamic confinement with high ionization efficiency. It has been already demonstrated that ion beams with current density up to 800 mA/cm 2 can be produced with this source. The Grenoble facility has a number of advantages in comparison with SMIS 37. The first is a high repetition rate (up to 2 Hz) which allows better control of plasma parameters due to satisfactory wall conditioning. The second is the cusp magnetic field of high intensity (up to 8 T) and with closed ECR zone. It is the first ion source which can operate effectively in gasdynamic mode having a closed-ECR field, which is of great importance for trapping of energetic electrons. Therefore, interesting results are foreseen from SEISM source, as it may be the first ECRIS able to operate in-between of gasdynamic and traditional collisionless confinement, thus producing high currents and charges.
Another direction of gasdynamic sources evolution is to apply them to CW operation to produce CW high current beams for different applications. First results on such studies with CW discharge sustained with 24 GHz gyrotron are presented in Ref. 19 . It was shown that dense ECR discharge can be sustained in CW mode producing plasma fluxes with 1 eA/cm 2 density.
